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As a prerequisite to a study of the mechanisms of shell formation, the suitability 
of the isotope method for measuring shell growth in the intact oyster has been 
studied and reported in the first paper of this series (Wilbur and Jodrey, 1952). 
With the use of Ca 45 , shell growth taking place in a few hours could be detected 
and measured. The isotope method also made possible a study of the distribution 
of newly deposited calcium on the inner shell surface. 

With the radioisotope method for measuring rate of calcium deposition in the 
whole oyster established, it was desirable as a next step to eliminate some of the 
variables of the whole oyster and to direct more attention to the mantle itself. 
Bevelander and Martin (1949) have shown that excised strips of mantle will de¬ 
posit calcium; and Hirata (1953) has found that a preparation consisting of the 
intact mantle of the oyster with its attached shell will survive for several days and 
will deposit both the organic matrix and the calcite of shell. This latter prepara¬ 
tion is valuable in that it eliminates the complexity of the whole animal and yet 
maintains the integrity of the mantle-shell association. The mantle-shell prepara¬ 
tion has been studied here with respect to its capacity to deposit calcium, and the 
rate has been compared with that of the whole oyster. 

The mollusc mantle has long been considered as the tissue immediately re¬ 
sponsible for the secretion of shell; and it was indeed surprising to find that the 
Ca 45 of mantle tissue of whole oysters and mantle-shell preparations in labeled sea 
water was extremely low, even though a relatively large amount of the isotope 
was being deposited in the shell. This condition of low activity of the mantle and 
high activity of the shell was suggestive of two mechanisms. The calcium de¬ 
posited in the shell might not actually enter the mantle at all; or, a very small 
amount of calcium might enter the mantle and turn over (be renewed) at a very 
rapid rate and then become deposited in the shell. To test these hypotheses the 
turnover rate of calcium in the mantle was studied in the mantle-shell preparation 
which, in limiting the source and fate of calcium, provides a simpler system than 
the whole oyster. 

1 Aided by a grant from the Atomic Energy Commission. 

2 The author is deeply indebted to Mr. C. E. Atkinson and Dr. \Y. A. Chipman of the 
U. S. Fish and Wildlife Service at Beaufort, N. C., who provided laboratory facilities which 
made this study possible. 
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Methods 

Rate of calcium deposition in the mantle-shell preparation 

Oysters of the species Crassostrea virginica were collected near Beaufort, N. C., 
during the latter part of June, 1951, and maintained near the laboratory in natural 
waters. The species, habitat and methods of collection and maintenance of these 
oysters were the same as those used in immediately preceding experiments on the 
whole oyster (Wilbur and Jodrey, 1952). 

The mantle-shell preparations were prepared as described bv Hirata (1953). 
Each preparation was then placed in one liter of sea water in a large finger bowl 
and aerated. Some of the mantles retracted during dissection; and after a time 
when they had again spread out over the shell, Ca 45 was added to the water. The 
added isotope was carrier-free in the form of the chloride. The activity was 3.45 
microcuries as standardized with a calibrated Co G0 reference source. The con¬ 
tainers were covered with water-proof paper to prevent loss during aeration. The 
temperature of the water, though nearly constant for each experiment, varied from 
25° C. to 2S.2° C. during the entire experimental period. The salinity of the water 
used ranged from 34.84 to 35.61 parts per thousand. 

After intervals of S, 12 and 24 hours, the preparations were removed and the 
radioactive calcium deposited on the shells was measured as previously described 
(Wilbur and Jodrey, 1952). In experiments of 24 hours duration the radioactive 
sea water was changed at the end of 12 hours. Measurements of radioactivity of 
circular areas of 6.2 cm. 2 were made on the anterior, center and posterior regions 
of the inner shell surface. 

Calcium turnover rate in the mantle 

For the study of calcium turnover rate in the mantle each mantle-shell prepara¬ 
tion was placed in 500 ml. of aerated sea water with a Ca 45 activity of 5.8 micro- 
curies until the Ca 45 in the mantle reached equilibrium, i.c. the specific activity 
became maximal. After this period (usually four hours) in radioactive sea water, 
the preparations were placed in an equal volume of sea water containing no Ca 45 
and allowed to remain there for intervals from 10 to 130 minutes so that the rate 
of disappearance of Ca 45 from the mantle could be determined. On removal from 
sea water the mantle edge 3 was dissected from the remainder of the mantle; both 
portions were rinsed briefly in sea water, drained for 10 seconds on filter paper, 
after which each was weighed with a torsion balance and placed in a separate glass 
counting cup. The tissue was then digested in the same cups with fuming nitric 
acid and dried with a heat lamp for subsequent measurement of Ca 45 . Ca 45 de¬ 
posited on shells was also determined as previously outlined (Wilbur and Jodrey, 
1952). 

A more complete examination of the uptake of Ca 4r ‘ by the mantle was also 
carried out by placing mantle-shell preparations in radioactive sea water, removing 
at intervals of 10 minutes to 8 hours and carrying out the procedure as above. 

3 The term “mantle edge” refers to the thickened, tentacled, pigmented border of the mantle. 
Because this portion differs macroscopically, histologically and histochemically from the re¬ 
mainder of the mantle, it is not unreasonable to suppose that the two portions have different 
roles in shell formation which might be reflected in different calcium turnover rates. Hence, 
the two portions of the mantle were treated separately. 
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Twelve mantle-shell preparations were used in each experiment. In six ex¬ 
periments the temperature varied from 26.1° C. to 27.9° C., while the salinity 
range was 35.16 to 35.90 parts per thousand. 

Total calcium content of mantle tissue was determined for mantle edge and 
mantle interior on pooled samples from 16 oysters. The tissue was dry-ashed (at a 
temperature not high enough to cause loss of Ca) to a white residue which was 
then dissolved in dilute 11 Cl, diluted to 200 ml. and the calcium determined by a 
method which excludes magnesium and the alkali metals (Kolthoff and Sandell, 
1943). 

Results 

Calcium deposition in shell 

The shells of the mantle-shell preparations became rapidly radioactive in radio¬ 
active sea water, measurable amounts of Ca* 5 being deposited in one hour (not 
included in graphs). As in the whole oyster, the highest rate of deposition is in the 
posterior region of the shell. After 24 hours exposure to 3.45 microcuries of Ca 45 , 
the mean deposition of Ca 45 in some 20 shells expressed in counts per minute per 
6.2 cm. 2 of shell was 657 for posterior, 407 for center and 182 for anterior regions. 
Figure 1 shows the rate of calcium deposition in the posterior region of shell of 
37 mantle-shell preparations. As in the whole oyster, a high degree of variability 
is found in rate of calcium deposition in the mantle-shell preparation also, but 
the mean rate is very nearly linear. 

An approximation of the total amount of calcium deposited after a given period 
of time on the inner shell surface can be made by comparing the average activity 
of the whole surface of the shell with the activity of the sea water medium which 
contains a known amount of calcium. (See Wilbur and Jodrey, 1952, for de¬ 
tails and limitations of the method.) An approximation of the average activity of 
the entire surface can be made by averaging the activity of the three regions meas¬ 
ured. The calculated amount of calcium deposited during 24 hours by a mantle- 
shell preparation of an oyster about 8 cm. long is 1.27 mg. Calculated by the same 
method, the amount of calcium deposited by the whole oyster was 11.08 mg. for the 
same period. 

Calcium turnover rate in the mantle 

Data for the rate of uptake of Ca 15 by the mantle edge are plotted in Figure 2, 
in which Ca 4r> per gram of tissue is given in counts per minute as a function of 
hours of exposure to radioactive sea water. It is apparent that the Ca 45 content 
rises very rapidly. The greater part of the uptake is completed after about one-half 
hour, while the maximum amount of Ca 45 has been taken up after two to four 
hours. A comparison of the specific activity of mantle calcium and sea water cal¬ 
cium allows one to calculate the amount of calcium which has been renewed in the 
mantle during this interval. The method of calculation follows. At the maximum 
(and equilibrium) the average Ca 45 activity is about 7 X 10 2 counts per minute per 
gm. wet weight. The calcium content of this weight of mantle edge is 0.95 mg. 
as determined by analysis for total calcium. Correcting the mantle edge activity 
to the same geometry used for measurement of sea water activity, the specific ac¬ 
tivity of the mantle edge calcium is 7 X 10 4 microcuries per mg. The specific 
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activity of the sea water calcium is 2.9 X 10 2 microcuries per mg. The specific 
activity of the mantle edge calcium at equilibrium is 2.4 per cent of the specific 
activity of the sea water which means that 2.4 per cent of the mantle calcium has 
been renewed. Since it is not possible to further increase the specific activity of 
the calcium in the mantle, it must be concluded that the greater portion of the mantle 



HOURS IN SEA WATER + Co 45 

Figure 1. Rate of calcium deposition in the mantle-shell preparation. Ca 45 deposited on 
a 6.2 cm. 2 area in the posterior region of the shell is plotted as a function of hours of exposure 
to radioactive sea water. (Original counts have been multiplied by 1(L 2 in order to use a one¬ 
digit scale.) Each point represents a measurement on a different individual. The mean rate 
is very nearly linear. 

calcium is inert and only a small percentage, 2.4 per cent, is being renewed. Since 
the mantle edge contains 0.95 mg. calcium per gm. wet weight, the portion being 
renewed is 2.4 per cent of 0.95 mg. or 0.023 mg. 

Ca 45 uptake by the mantle interior follows much the same pattern as shown in 
Figure 2, but the Ca 45 content at equilibrium is about one-half as great as that in 
the mantle edge. Since there is only about one-half as much total calcium in this 
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part of the mantle, the specific activity is therefore the same as in the mantle edge. 
The figure of 2.4 per cent for the actively participating calcium accordingly holds 
for mantle interior also. 

Disappearance of Ca 45 from the mantle edge is extremely rapid (Fig. 3), the 
greater fraction being removed during the first half hour, indicating a very high 
rate for renewal of calcium. The disappearance of calcium from the mantle in¬ 
terior is also a rapid process, the accumulated radioactive calcium leaving the man¬ 
tle interior during the same time interval. 



Figure 2. Rate of accumulation of Ca 45 in the mantle edge. The amount of Ca 45 in the 
mantle edge in counts per minute per gram wet weight is given as a function of time in radio¬ 
active sea water. Each point represents a measurement of Ca 45 in an individual mantle. Most 
of the uptake is completed after one-half hour. After two to four hours the mantle has taken 
up as much Ca 45 as it will accumulate. 

The rates of disappearance of Ca 45 from mantle edge and mantle interior are 
exponential functions. From a semi-log plot of the data (Fig. 4) the half-time 
(period of time required for one-half the Ca 45 to leave the mantle) is found to be 
16.5 minutes. The turnover time (see Hevesy, 194S and Siri, 1949) is 16.5/0.693 
or 24 minutes. The turnover rate, which is the actual weight of calcium dis¬ 
appearing and being replaced per unit time, is 0.023/24 or 1 X 10~ 3 mg. per min¬ 
ute. In 24 hours the calcium turnover in one gram of mantle edge would be 1.44 
mg. A similar calculation gives a calcium turnover of 0.62 mg. per gram of mantle 
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interior. The complete mantle of one oyster of the size used weighs about 1.5 
grams, the mantle edge comprising about 0.5 grams of the total. Hence the calcium 
renewed per day in the whole mantle would be 1.44/2 + 0.62 or 1.34 mg. The 
estimated amount of calcium deposited on shell in the same period as measured from 
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MINUTES IN SEA WATER 

Figure 3. Rate of disappearance of Ca 15 from the mantle edge when placed in non¬ 
radioactive sea water. After the mantles had taken up as much Ca 45 as the)' would accumu¬ 
late, they were placed in non-radioactive sea water and the rate of loss of the isotope from 

the mantle was determined by measuring the Ca 45 content of the mantle after increasing in¬ 
tervals. Each point is for a separate mantle. The rate of disappearance is very rapid; most 

of the Ca 45 has disappeared after one-half hour. Although individual variability exists, the 
curve is an exponential function with time. 
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counts of radioactivity of shell was 1.27 mg. This figure was calculated from 
the average activity of the inner shell surface, the rate of calcium deposition being 
lower in the central region of the shell which is in keeping with the lower calcium 
turnover rate of the mantle interior. 



Figure 4. Semi-log plot of rate of disappearance of Ca 45 from mantle edge. Ca 43 in 
counts per minute per gram of mantle tissue is plotted on the logarithmic scale and time is 
represented by an arithmetic scale. From this straight line curve the turnover time for calcium 
in the mantle can be determined as described in the text. The turnover time for the calcium 
being renewed is about 24 minutes. 


Discussion 

The mantle-shell preparation, consisting of a right valve with its attached man¬ 
tle, is extremely valuable for the study of shell formation. One might compare 
the mantle-shell preparation for the study of shell formation to the use of tissue 
slices for metabolism studies, with the former having the advantages of remaining 
alive for several days and being an intact system with respect to the relationship 
between mantle and shell. Because of the viability of the tissue and its ability to 
deposit shell, the mantle-shell preparation provides a convenient system for study¬ 
ing shell formation under a variety of experimental conditions, especially when 
combined with the use of radioactive calcium. The effects of various inhibitors and 
respiratory substrates on the rate of shell formation will be studied and reported in 
another paper in this series. Since this preparation limits the source and fate of 
mantle calcium, its use, combined with the isotope technique, allows one to study 
directly the path taken by calcium which becomes deposited as shell. 

This present study has shown that the mantle of the mantle-shell preparation 
will deposit as shell substance calcium from the surrounding sea water. Experi¬ 
mental evidence that the calcium of shell enters the mantle directly from the sea 
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water has not been at hand, although suggestions that it may do so have been made 
(Galtsoff, 1934; Robertson, 1941). Apparently, at least part of the calcium de¬ 
posited as shell does not require the participation of digestive and circulatory sys¬ 
tems; although Bevelander (1952), reporting on uptake of Ca 45 by intact molluscs, 
states that calcium ions present in the water are ingested by the organism and are 
localized in several organs. Although an exact comparison of rates of calcium 
deposition in the whole oyster (Wilbur and Jodrey, 1952) and the mantle-shell 
preparation cannot be made because the latter work was done about a mouth later 
in the season, and at a different temperature, it is clear that the isolated mantle de¬ 
posits calcium at a much lower rate. Neglecting discrepancies which may enter 
due to season (Loosanoff and Nomejko, 1949), the mantle-shell preparation de¬ 
posits calcium only about one-ninth as rapidly as the whole oyster. The pattern of 
deposition, however, is very nearly the same; and it seems reasonable to assume 
that the usual shell-forming mechanisms are present but operating at a lower rate 
(see Hirata, 1953). Whether the decreased rate is due to lack of a more efficient 
transport system for calcium or to a diminished energy supply is not known. 
Possibly an adequate source of energy might make the rate of calcium deposition 
in the mantle-shell preparation more nearly comparable with that of the intact 
animal. This assumption will be tested by adding to the medium respiratory sub¬ 
strates which are known to affect mantle respiration (Hilgartner, 1951 ; Jodrey and 
W ilbur, unpublished data) and determining their effect on calcium deposition. 

In the introduction it was mentioned that the low Ca 45 content of the mantle 
tissue and high isotope content of the shell could be made compatible by one of two 
mechanisms: either the calcium deposited as shell did not actually enter the mantle 
cells or a very small amount of calcium in the mantle was turning over at a very 
rapid rate. The results obtained in this study of turnover rate support the second 
supposition. By a comparison of specific activity of mantle calcium with the spe¬ 
cific activity of sea water calcium, it was shown that only about 2.4 per cent of the 
mantle calcium is actually being renewed under the experimental conditions de¬ 
scribed. The remainder is inert and does not move out of the mantle. The amount 
of calcium renewed in the mantle during a 24-hour period would be about 1.34 mg., 
while the amount of calcium deposited on shell was calculated to be about 1.27 mg. 
It would seem from these two figures that in the mantle-shell preparation at least, 
the greater part of the calcium being renewed in the mantle is being deposited as 
shell, rather than exchanging with the sea water. It seems reasonable to assume 
that this situation would also obtain in the whole oyster. Thus, in spite of the 
relatively high calcium content of the mantle (2.5 times that in sea water), shell 
deposition is apparently brought about by a small portion turning over at a very 
rapid rate. Whether this would be true also for the whole oyster cannot be said, 
although the consistently small amounts of Ca 45 found in mantles of intact oysters 
depositing relatively large amounts of the isotope in the shell would indeed point 
to this. 

The large amount of calcium in the mantle which appears to be inert is of con¬ 
siderable interest. Molluscan mantles have been observed bv several workers 
to contain granules of calcium phosphate (Havasi, 1939; Biedermann, 1914: 
Bevelander and Benzer, 1948) or conglomerates of calcium and organic material 
(Havasi, 1938). These large granules may perhaps constitute the inert portion. 
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Under certain conditions of the whole oyster, such as long periods of closure when 
the acidity of body fluids increases (Dugal, 1939), this calcium may be mobilized. 
This could he tested experimentally by an examination of the mantle for granules 
after periods of forced closure. Combined autoradiographic and histochemical 
studies of mantle sections might also aid in a more accurate localization of inert 
and dynamic calcium. 

The author wishes to thank Dr. Karl M. Wilbur, whose suggestions and 
criticisms have been most helpful during both the experimental work and prepara¬ 
tion of the manuscript. 

Summary 

1. A study of calcium turnover and calcium deposition by the oyster mantle in 
the absence of other soft tissues has been carried out using mantle-shell prepara¬ 
tions of Crassostrca virginica. 

2. The mantle of the mantle-shell preparation is able to deposit calcium from 
the sea water in shell. At least part of the calcium deposited as shell substance 
does not require the participation of digestive and circulatory systems. 

3. The rate of deposition in the mantle-shell preparation was about one-ninth 
that of the whole oyster under the conditions of the experiment, but the distribu¬ 
tion of newly deposited calcium was similar in both. 

4. The greater portion of the calcium in the mantle appears to he inert, since 
the specific activity of the mantle calcium could not he increased beyond a small 
percentage of the specific activity of the sea water calcium. A small fraction (2.4 
per cent) was renewed every 24 minutes, the turnover rate being 0.6 micrograms 
of calcium per minute per gm. of mantle. 

5. The calcium turnover rate in the mantle edge is approximately twice as rapid 
as in the mantle interior but since the latter is renewing a calcium reservoir which 
is only about one-half as great as the former, the turnover time for the renewing 
fraction is the same in each. 

6. Since the amount of calcium being renewed in the mantle is very nearly the 
same as the amount being deposited on the shell, it would seem that in the mantle- 
shell preparation at least, the fraction of rapid turnover brings about the forma¬ 
tion of shell. 
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